Introduction
Pectinases or pectinolytic enzymes break glycosidic bonds with long chains of galacturonic acid residues into pectic substances [1, 2] . It has been reported that pectinase enzymes account for 25 % of all global food enzyme sales [3] [4] [5] . Moreover, pectinases have widespread applications in various types of industries, including fruit processing, textile and paper manufacturing, the fermentation of coffee and tea, oil extraction, and the treatment of industrial wastewater [6] [7] [8] . although pectinases have been used in various industries, the production of this enzyme has been limited to some select strains of fungi and bacteria [1, 9] . Moreover, the demand for this enzyme is further limited to specific applications, particularly in fungi and bacteria, which are employed for the production of this enzyme. Thus, it is necessary to identify other sources of this enzyme. The fruits of red pitaya (Hylocereus polyrhizus) have recently drawn the attention of growers worldwide due to their economic value and potential health benefits [10] . approximately 33 % of the whole fruit weight lies in the pitaya peel, which is usually discarded during processing, particularly in the beverage production industry, as waste, or is used for animal feed [11] . However,
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the peel contains a valuable natural enzyme known as pectinase and thus can be used as a rich, natural, and abundant source for the commercial production of this enzyme. Thus, it can be used as an abundant, natural, and cost-effective source of pectinase. It should be noted that there is no information regarding purification of pectinase from pitaya peel done to date. Therefore, the purification and characterisation of the pectinase enzyme from red pitaya peel, including the kinetic and catalytic properties of the purified enzyme, were investigated in the present study.
Materials and methods

Plant material and chemicals
Red pitaya fruits (Hylocereus polyrhizus) were purchased from Pasar Borong (Selangor, Malaysia). Ripened pitaya fruits were selected based on the size uniformity at the same stage of ripening and free of visual defects. The fruits were stored in a cold room at 4 °C until use for the extraction procedure. all chemicals and reagent were of analytical or electrophoresis grade. Sephacryl S-100, DEaE-Sepharose, Bradford reagent, l-cysteine, N-bromosuccinimide, β-mercaptoethanol, bovine serum albumin (BSa), 3,5-dinitrosalicylic acid (DnS), dithiothreitol (DTT), 5 5′-dithiobis(2-nitrobenzoic acid) (DnTB), 2,2-dithiodipyridine (DTP), diethyl pyrocarbonate (DEPC) and ethylenediaminetetraacetic acid (EDTa) and SDS were obtained from Sigma Chemical Co. (St. louis, MO, USa). Tris-HCl, polygalacturonic acid, Triton X-100, and Tween 80 were obtained from Merck (Darmstadt, germany).
Extraction of pectinase
Fresh pitaya fruits (2 kg) were cleaned and rinsed thoroughly with distilled water and dried using tissue paper. The pitaya peels were removed, chopped into small pieces (1 cm 2 , 1 mm thick), and then quickly blended for 2 min at 5 °C (Model 32Bl80, Dynamic Corporation of america, new Hartford, Connecticut, USa) using Tris-HCl buffer (pH 8.0) at buffer-to-pitaya-peel ratio of 5:1. The peelbuffer homogenate was filtered through cheesecloth and subsequently centrifuged at 6,000 rpm and 4 °C for 5 min [12] . The supernatant (crude enzyme) was collected and stored at 4 °C until further purification.
Purification of pectinase a combination of ammonium precipitation, desalting, gel filtration chromatography on a Sephacryl S-100 column, and ion exchange chromatography on a DEaE-Sepharose column was used to separate and purify the pectinase enzyme from the pitaya peel. The crude enzyme was initially brought to 20 % through the gradual addition of powdered ammonium sulphate, and the mixture was gently stirred for 1 h. The precipitate was removed by centrifugation at 10,000 rpm for 30 min and dissolved in 100 mM Tris-HCl (pH 8.0). The supernatant was saturated with 40, 60, and 80 % ammonium sulphate. The precipitate of each step was dissolved in a small volume of 100 mM Tris-HCl (pH 8.0) and then dialysed against 100 mM TrisHCl buffer (pH 8.0) overnight with frequent (6-8) buffer changes. The sample was then centrifuged again, and the dialysed solution was applied to a Sephacryl S-100 column that was pre-equilibrated with 50 mM Tris-HCl buffer (pH 8.0) to determine the pectinase activity and protein content of each fraction. The fractions with pectinase activity were pooled and subjected to one cycle of ion exchange chromatography on a DEaE-Sepharose column. The column was pre-equilibrated with 100 mM Tris-HCl buffer (pH 8.0) and then with 50 ml of a linear gradient (0-1 M) of naCl. The fractions containing the highest pectinase activity were pooled, concentrated by freeze-drying, and stored for later use at 4 °C. In all of the chromatography procedures, 4 ml of fractions were collected at a flow rate of 24 ml/h.
Pectinase activity assay
The pectinase activity was measured by determining the reduced groups released from polygalacturonic acid as the substrate. The reaction mixture containing 0.5 ml of enzyme and 0.5 ml of polygalacturonic acid was then dissolved in 100 mM acetate buffer at pH 8.0. The mixture was incubated at 75 °C for 30 min in a water bath. after incubation, 1 ml of DnS was added to the mixture to terminate the reaction, and the sample was subsequently boiled for 5 min. The released reduced sugars were determined using a spectrophotometer (BioMate™-3, Thermo Scientific, alpha numerix, Woodfield Dr., Webster, nY, USa) at 575 nm using galacturonic acid as the standard for reduced sugars. One unit of enzyme releases 1 μmol of reducing end per minute at 75 °C, pH 8.0. [13] . The results are expressed as the mean of three readings with an estimated error of ±10 %.
Protein concentration determination
The protein contents of samples were determined using dye-binding method as described by Bradford [14] , and the BSa was used as standard.
Determination of purity and molecular weight of purified pectinase SDS-PagE was done to determine and check the molecular weight and purity of purified pectinase from pitaya peel.
SDS-PagE was performed on a gel electrophoresis unit (Bio-Rad) using 12 % acrylamide gel resolving and 4.5 % stacking gel containing 0.1 % SDS according to the method of laemmli [15] . a 10 % trichloroacetic acid solution was employed to concentrate and precipitate protein samples that had been removed from the top phase. Electrophoresis was carried out at 110 V and 36 ma for 75 min. When the run was completed, a solution comprising 0.05 % (v/v) Coomassie Brilliant Blue g-250, 30 % (v/v) methanol, and 10 % (v/v) acetic acid was used to stain the gel. Protein bands were observed after distaining by employing the same buffer without Coomassie Brilliant Blue.
Optimum temperature and temperature stability of pectinase
The effect of temperature on pectinase activity was investigated by incubating the reaction mixture (polygalacturonic acid and purified enzyme) at temperatures ranging from 10 to 100 °C (at 10 °C intervals). The determination of the pectinase activity was performed using the standard assay conditions previously described. The temperature stability of pectinase was investigated by incubating the enzyme in 100 mM Tris-HCl buffer (pH 8.0) at temperatures ranging from 10 to 100 °C for 1 h. Subsequently, the samples were removed, and the residual pectinase activity was measured with polygalacturonic acid at pH 8.0 and 75 °C for 1 h [16] .
Optimum pH and pH stability of pectinase
The effect of pH on the pectinase activity was determined by incubating the enzyme at pH values ranging from 2.0 to 12.0 and the optimal temperature. The residual enzyme activity was determined under standard assay conditions. The appropriate pH was obtained using the following buffer solutions: 100 mM sodium acetate buffer (pH 3.0-5.0), 100 mM phosphate buffer (pH 6.0-7.0), 100 mM Tris-HCl buffer (pH 7.0-9.0), and 100 mM carbonate (pH 10.0-11.0). The pectinase pH stability was examined by pre-incubating the enzyme at different pH values and 75 °C for 1 h [17] . The residual pectinase activity was then determined under the optimal pH (8.0) and temperature (75 °C) conditions. It should be noted that the optimum temperature and pH for the determination of residual pectinase activity were obtained based on our preliminary studies. The enzyme activity prior to incubation was regarded to be 100 %. The results are expressed as the average (duplicates) with an estimated error of ±10 %.
Effect of metal ions on pectinase activity
The effect of various metal ions on the activity of the purified enzyme was determined in the presence of 10 mM , ni 2+ , and al 3+ in the reaction mixture. In this assay, 0.1 ml of purified enzyme was incubated with 0.1 ml of 10 mM metal ions at 75 °C and pH 8.0 for 1 h in a water bath. Subsequently, the enzyme and metal ion mixtures were incubated with 0.5 ml of 0.1 % polygalacturonic acid as the substrate in 100 mM Tris-HCl buffer at pH 8.0 and 70 °C for 1 h to determine the residual enzyme activity. The enzyme activity was determined using a spectrophotometer at 540 nm. Importantly, the enzyme used in the control sample was heated in boiling water for 30 min to denature and deactivate the enzyme [18] .
Effect of inhibitors and surfactant agent on pectinase activity
The effect of enzyme inhibitors on the enzyme activity was examined using 5 mM N-bromosuccinimide, l-cysteine, EDTa, DTT, DnTB, DTP, β-mercaptoethanol, and DEPC. In addition, the effects of 2 M H 2 O 2 as an oxidising agent and 5 % Triton X-100, 5 % Tween 80, and 10 % SDS as ionic and non-ionic surfactants on the pectinase activity were determined [19] . The enzyme was incubated with each reagent for 30 min at 70 °C in a water bath, and the residual activity of the enzyme was determined as previously described and expressed as a percentage of the activity obtained in the absence of the reagents.
Substrate specificity
The ability of the purified enzyme to hydrolyse various substrates was assayed using arabinan, arabinogalactan, oat spelt xylan, wheat arabinoxylan, pnP-β-galactopyranoside, pnP-α-arabinofuranoside, pnP-α-rhamnopyranoside, and pnP-β-xylopyranoside at a concentration of 5 mM. Polygalacturonic acid (0.5 %, w/w) in 100 mM Tris-HCl at pH 8.0 was used as a reference substrate to compare the activity of the enzyme. Polygalacturonic acid (0.5 %, w/w) in 100 mM Tris-HCl at pH 8.0 was used as a reference substrate to compare the activity of the enzyme. It should be noted that polygalacturonic acid was selected as reference substrate following our preliminary studies on the activity of pectinase on the substrate compared with other common reference substrates such as citrus pectin.
Determination of K m and V max Different concentrations of polygalacturonic acid (0.037 mM-0.37 mM) in Tris-HCl (30 mM, pH 8.0) were incubated with the enzyme for 10 min at 70 °C. an enzymatic activity assay was performed at the optimal reaction conditions. The initial velocities (V 0 ) at all substrate 1 3 concentrations were determined, and the K m and V max values were calculated from the double reciprocal plot [20] .
Experimental design and analysis all the experiments were carried out using a completely randomised design with three replicates, repeated twice for reproducibility. The analysis of the experimental data with two-way analysis of variance (anOVa) was conducted, followed by the Fisher's multiple comparison test at p < 0.05. The least significant difference (lSD) test was used to determine whether there were significant differences among the samples.
Result and discussion
Purification of pectinase from pitaya peel a single protein with pectinase activity was purified from the red pitaya peel via a combination of ammonium sulphate precipitation and chromatographic procedures, as summarised in Table 1 . The crude extract was precipitated using ammonium sulphate (0-20, 20-40, 40-60, and 60-80 % saturation). These results showed that 60-80 % saturation yielded the highest purification and yield (9.4-fold and 84.4 %, respectively) compared with the other concentrations of ammonium sulphate. The ammonium sulphate fraction of 60-80 % was then applied to a Sephacryl S-100 column. The enzyme was eluted from the column using 1 M naCl. The Sephacryl S-100 chromatography resulted in one major peak of pectinase (Fig. 1a) . The pectinase extracted from the pitaya peel was purified more than 110.4-fold with a yield of 75.2 %, and its specific activity was equivalent to 1,689.1 U/mg protein (Table 1) . Fractions 30-42 were pooled, purified, and subsequently separated using DEaE-Sepharose ion exchange chromatography (Fig. 1b) . after this step, the pectinase was purified 232.3-fold with a recovery of 73.3 % and a specific activity of 3,554.2 U/mg proteins ( Table 1 ). The enzymatic activity was eluted in one peak, which coincided with the protein peak. The fractions corresponding to this peak (32-38) were collected and concentrated. The purified pectinase was homogenous because it produced a single protein band, as determined by sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PagE). The molecular weight of pectinase determined using SDS-PagE was approximately 34.2 kDa (Fig. 2) . The molecular weight obtained through Sephacryl S-100 and DEaE-Sepharose column chromatography was also approximately 34.2 kDa (Fig. 2) .
Effect of temperature on activity and stability of purified pectinase
The optimal temperature of the pectinase was measured by determining its activity at different temperatures. as shown The non-retained fraction from Sephacryl S-100 was loaded to ion exchange chromatography on DEaE-Sepharose. Column was eluted with linear salt gradient in the same buffer. The enzyme eluted as a single peak in Fig. 3a , the enzyme was active over a wide range of temperatures from 20 to 80 °C, and the optimal activity was obtained at 75 °C. The residual activities of pectinase at 20 and 80 °C were 56.2 and 83.3 %, respectively. The analysis of the thermal stability of pectinase indicated that the enzyme retained more than 90 % of its activity in the temperature range of 10-85 °C, but the activity of the enzyme was markedly decreased at temperatures higher than 85 °C. The relative activity of the enzyme at 85 °C was 23 %, but there was no detectable enzyme activity at temperatures higher than 85 °C (Fig. 3b) . This may be due to denaturation of the tertiary structure of the enzyme at the evaluated temperatures [21, 22] . Moreover, the findings obtained in this study are consistent with those of several previous studies that analysed the isolation of pectinase from other sources, such as fungi and bacteria [1] and [19] ; however, one previous study showed that a pectinase isolated from a fruit source was thermostable.
Effect of pH on activity and stability of purified pectinase
The optimal pH of the pectinase was determined in different buffer systems, as previously described. The pectinase showed appropriate activity within a broad range of pH values (from 4.0 to 10.0), and the highest enzyme activity (92 %) was obtained at pH 8.0. The highest enzyme activity of pectinase in the pH range of 7.0-9.0 was 82 % (Fig. 3c) . Furthermore, the pectinase was highly stable in the pH range of 3.0-11.0 because it retained nearly 90 % of its initial activity after 1 h of incubation at 70 °C and a pH value in this range. The relative enzyme activity sharply decreased at pH values higher than 11.0, and 5 % of its residual activity was retained at pH 12.0 (Fig. 3d) . Importantly, the pectinase enzymes from some strains of bacteria and fungi, such as Bacillus sp. TS47 and Acrophialophora nainiana, also showed their highest activity at pH 8.0 [23, 24] .
Effect of metal ions on purified pectinase
The purified pectinase was incubated with various metal ions at 75 °C for 1 h, and the residual enzyme activity was The optimum temperature (a), thermal stability (b), optimum pH (c), and pH stability (d) of purified pectinase were investigated. a The effect of temperature on pectinase activity was studied by incubation of the enzyme at temperatures ranging from 10 to 100 °C, and then, enzyme activity was determined. b The temperature stability of pectinase was measured at various temperatures ranging from 10 to 100 °C for 1 h, and then, the residual activity was measured. c Effect of pH on the pectinase activity was measured. Residual enzyme activity was determined against polygalacturonic acid at range of pH 3.0-12.0. d Effect of pH on the stability of pectinase was assayed.
The enzyme activity was determined against polygalacturonic acid at various pHs. The pH stability of the pectinase was studied by preincubating the enzyme at different pH values for 1 h at 75 °C. The percentage of residual activities were calculated based on the original enzyme activity and taken as 100 % determined using standard methods. The effect of some metal ions on the enzyme activity of pectinase is summarised in Table 2 . The pectinase activity was not significantly (p < 0.05) affected by 10 mM Mn 2+ , Co
2+
, Cu 2+ , and Zn 2+ . In addition, the enzyme was completely inhibited in the presence of 10 mM Fe 2+ , and 24 and 5 % of its initial activity was retained in the presence of ni 2+ and al
3+
, respectively ( Table 2 ). The activity of the enzyme was increased to 120 and 112 % of the initial activity in the presence of Ca 2+ and Mg 2+ , respectively. Several reports have shown that divalent cations of Ca 2+ and Mg 2+ have varying effects on the activity and stability of pectinase [25, 26] . at higher temperatures, it has been shown that Ca 2+ plays a significant role in the activity of enzymes and the stabilisation of proteins. Furthermore, some metal ions, such as Ca 2+ and Mg
2+
, are required for hydrolysis to occur when pectin is used as the substrate for pectinase enzymes. This may be explained by the existence of 'blocks' of carboxyl groups in pectin that may trap the enzyme molecules and thus prevent the enzymatic reaction from proceeding [27] . Thus, these types of metal ions may interact with the carboxyl groups and thereby allow the enzyme to interact with the cleaved ester bonds. a similar observation was made by Kashyap et al. [28] , who characterised the pectinase from Bacillus sp. D17. These researchers reported that Ca 2+ stimulates the pectinase from Bacillus sp. D17 to obtain an increase of approximately 50 % in its enzyme activity.
Effect of inhibitors, surfactants, and oxidising agent on purified pectinase
The effect of some reagents on the activity of pectinase is summarised in Table 2 . as shown in Table 2 , the pectinase activity was completely inhibited by N-bromosuccinimide, which indicates that l-tryptophan may be involved in substrate binding or catalysis. The enzyme was activated by l-cysteine, DTT, DnTB, DTB, and β-mercaptoethanol, which suggests that l-cysteine affects pectin catalysis. This phenomenon may be due to the involvement of l-cysteine in hydrogen bonding with the substrate-enzyme complex Table 2 Effect of metal ions, inhibitors, surfactants, and oxidising agents on the pectinase activity The residual pectinase activity was determined after incubation of the enzyme with various phase components at room temperature for 1 h. The sample size for all experiments was three. Mean value followed by different letters differs significantly (p < 0.05) and the formation of a covalent glycosyl-substrate intermediate [29] . The activation of pectinase by DEPC indicates the involvement of a histidine group in catalysis or binding. Moreover, EDTa did not show any significant (p < 0.05) effect on the pectinase activity. The stability of pectinase in the presence of ionic surfactants (i.e. SDS) and non-ionic surfactants (i.e. Triton X-100 and Tween 80) was also investigated. The enzyme was found to retain more than 80 % of its initial activity in the presence of the tested surfactants (Table 2) , which indicates the high stability of the enzyme under these conditions. Moreover, the pectinase also showed great stability in the presence of oxidising agents (H 2 O 2 ) and retained 62 % of its initial activity after incubation with 2 M hydrogen peroxide for 1 h (Table 2 ). Because the enzyme was not sensitive to the tested reagents, the protein may have a well-packed structure and a rigid native confirmation [30] .
Substrate activity
The analysis of the substrate specificity of the pectinase showed that the enzyme can act on a variety of substrates, including arabinan, arabinogalactan, oat spelt xylan, and wheat arabinoxylan. as shown in Fig. 4a , the pectinase enzyme from pitaya peel exhibited the highest activity towards polygalacturonic acid, while Celestino et al. [31] reported that novel pectinase enzyme from Acrophialophora nainiana showed the highest substrate activity on citrus pectin. The enzyme also showed high pectinase activity towards α-arabinofuranoside and pnP-α-glucopyranoside (82 and 78 %, respectively) compared with that obtained towards polygalacturonic acid. The enzyme partially hydrolysed pnP-β-xylopyranoside but did not have any significant (p < 0.05) effect on the hydrolysis of pnP-α-rhamnopyranoside (Fig. 4a) .
Kinetics
The K m and V max values of the pectinase were determined using different concentrations of polygalacturonic acid. The effect of increasing the substrate concentration on the enzymatic reaction rate follows a typical Michaelis-Menten equation using starch as the substrate. The K m and V max values of the pectinase enzyme were calculated to be 2.7 mg/ml and 34.30 U/mg proteins, respectively, at pH 8.0 and 75 °C (Fig. 4b) . The result of K m was lower than that obtained with the purified pectinase enzyme from Acrophialophora nainiana, which had a K m value of 4.22 mg/ml [32] . However, the values are higher than those obtained by Vatanparast et al. [33] , who reported that the K m and V m values of purified pectinase were 1.32 mg/ml and 21.12 U/mg proteins, respectively.
Juice applications and juice extraction application of the purified pectinase and crude extract to remove solid substrate and improve productivity of apple and banana juices was investigated in this study. The results of the experiments are shown in Tables 3 and 4 . There was an increase, compared to the control, in the volume of juices of apple and orange used in the treatment of fruit pulps with purified enzyme and crude extract (Table 3) . Highest yield was obtained from banana, which was markedly higher than control. It should be noted that residual dry weight of solid residue was reduced to 82.1 ± 0.3, as shown in Table 4 . In addition, the material was more easily pressed than the control and the result of the yield efficiency was enhanced. The juices, obtained by enzymatic treatment, showed the lower viscosity compared to those that were non-treated. This phenomenon could be due to reduction in pectin content in dry weight of solid residue. a similar observation was made by nadaroglu et al. [34] and Demir et al. [35] who investigated the effect of pectin lyase on different types of fruit juices.
Conclusions
To the best of our knowledge, this report provides the first description of the purification and characterisation of the thermo-alkaline pectinase from red pitaya (Hylocereus polyrhizus) peel. Pectinase is a thermostable protein that exhibits a broad pH activity profile and relatively high activity under alkaline conditions. In addition, the enzyme exhibited high stability in the presence of metal ions, inhibitors, surfactants, and oxidising agents. These features, along with its abundant and cost-effective source, indicate that this enzyme can be considered a useful pectinase enzyme for various industrial and biotechnological applications.
